Background: Factors linked to glucose metabolism play an important role in the development of cancers, and both glycemic index (GI) and glycemic load (GL) have been investigated as potential etiologic factors. Objective: A meta-analysis was performed to explore the association between GI and GL and cancer risk from published studies. Design: A comprehensive, systematic bibliographic search of the medical literature was conducted to identify relevant studies. Casecontrol and cohort studies published before October 2007 that reported cancer risk estimates for GI and GL were included. Pooled relative risks (RRs) were estimated for breast, colorectal, endometrial, and pancreatic cancer. Results: Thirty-nine studies were included in the meta-analysis. The interquantile ranges of GL were significantly wider in case-control studies, most of which were conducted in European countries, than in cohort studies. Cohort studies that presented lower ranges of GL also reported lower risk estimates. Overall, both GL and GI were significantly associated with a greater risk of colorectal (summary RR ҃ 1.26; 95% CI: 1.11, 1.44 and RR ҃ 1.18; 95% CI: 1.05, 1.34, respectively) and endometrial (RR ҃ 1.36; 95% CI: 1.14, 1.62 and RR ҃ 1.22; 95% CI: 1.01, 1.49) cancer than of breast and pancreatic cancer. There was, however, a significant between-study heterogeneity for colorectal cancer (P 0.0001). The association between GL and breast cancer disappeared when publication bias was taken into account. No association was found for pancreatic cancer. Conclusion: This comprehensive meta-analysis of GI and GL and cancer risk suggested an overall direct association with colorectal and endometrial cancer.
INTRODUCTION
Glycemic index (GI) is a ranking system for carbohydrates according to their effect on blood glucose concentrations. It compares available carbohydrates gram-for-gram in individual foods, providing a numerical, evidence-based index of postprandial glycemia (1, 2) . The glycemic load (GL) combines the qualitative and quantitative measures of carbohydrate and consists of the sum of the GLs for the total servings of all carbohydratecontaining foods consumed per day, on average. Therefore, the overall GI reflects the average quality of carbohydrates consumed, whereas the total dietary GL reflects both the average quantity and quality of carbohydrates (3) .
Numerous studies have investigated GI and GL as potential risk factors for several chronic diseases. In fact, factors linked to glucose metabolism seem to play an important role in the development of cardiovascular disease, diabetes, obesity, and cancer (4 -6) . In particular, high insulin concentrations have been suggested as a potential unifying mechanism for the risk of several types of cancer (4, 7) . The main mechanism by which a high-GI diet may increase cancer risk is modulation of the insulin-like growth factor (IGF) axis. Insulin acts as a growth factor for colonic mucosal cells per se, and it can increase the activity of insulin-like growth factors, such as IGF-I, which in turn stimulate cell proliferation and differentiation and can inhibit apoptosis (8) . Insulin also can suppress hepatic secretion of IGF-binding protein-1, influence sex hormone concentrations, and reduce the concentrations of their binding proteins (9, 10) . Other conditions such as insulin resistance, hyperglycemia, obesity, or diabetes also can influence cancer risk (4, 5, 7, 8, 11) . In view of the growing number of published reports on the relation between GI and GL and cancer risk and of the apparent inconsistency in the results, we decided to conduct a meta-analysis to better quantify the magnitude of the risk and to identify potential sources of variability.
MATERIALS AND METHODS

Data sources and search strategy
Published reports were identified from electronic databases [ie, PubMed, ISI Web of Science (Science Citation Index Expanded), and Embase] by using validated search strategies (12) (13) (14) . Additional reports were extracted from the reference lists of the retrieved articles and reviews on the topic. The key words used for the literature search included cancer, malignancy, glycemic index, glycemic load, and diet. We also retrieved all casecontrol and cohort studies that investigated the association between dietary carbohydrate and sugar intake and cancer at any site. The search was limited to studies in humans, but no language or time restrictions were applied.
We included any case-control, cohort, or cross-sectional study that was published as an original article before October 2007 and that reported sufficient information to allow an adequate estimation, at least for the relative risk (RR) for the upper versus lowest quantile (and 95% CIs). That is, the study reported either adjusted odds ratios or RRs or crude data and SEs, variance, CIs, or P values of the significance of the estimates. We excluded multiple reports based on the same study population.
Selection of articles
Two investigators independently reviewed all of the studies, and data extraction was cross-checked to improve accuracy. Three reports were excluded from the meta-analysis: 2 studies were not independent (15, 16) , and 1 provided dose-response risk estimates but no information on the range of exposure (17) . For one study (18) , we obtained the missing information directly from the authors. The study of Oh et al (19) included estimates only for colorectal cancer and thus was excluded from this analysis; it was included in a subanalysis by Michaud et al (20) of the same cohort (Nurses' Health Study).
For each study included in the meta-analysis, we retrieved information on several factors: study-publication year, study design, and study location; cases and controls-number and source; population-premenopausal or postmenopausal status for breast and endometrial cancer; subsites-colon or rectum; exposure-dietary assessment methods used, origin of the glycemic values assigned to foods, methods applied to calculate GI and GL, values used to define the upper category (Q max : the lowest value of the highest category) and the lowest category taken as reference (Q min : the upper value of the reference category), and the interquantile range (Q max ҀQ min ); and statistics-statistical methods used and adjustment for confounding variables.
Statistical analysis
We ignored the distinction between the various measures of RR (ie, odds ratio, rate ratio, and risk ratio). Each measure of association and its corresponding confidence limits were transformed into log RR, and the corresponding variance was calculated by using Greenland's formula (21) . When they were available, we used estimates adjusted for the maximum number of confounding variables. When they were not given, we calculated risk estimates from tabular data and evaluated the SE of the log odds ratio by using Woolf's formula. When they were available, we used stratified risk estimates for sex, subsite, or menopausal status for women. Two-sided Wilcoxon's tests were used to compare the values of the lower and upper quantiles and interquantile ranges by study design, geographic location, and food sources used for the calculation of GL.
We assessed the homogeneity of the effect across studies by using the large-sample test based on the chi-square statistic. Because the chi-square test has limited power, we considered heterogeneity to be significant at P ҃ 0. 10 (22) . Heterogeneity across studies was evaluated by I 2 , which represents the percentage of total variation across studies that is attributable to heterogeneity rather than to chance. We estimated summarized RRs by pooling the study-specific estimates with the use of classic random-effects models. When several measures of RR were given for a single study, random-effects models were used, including the 2 sources of variation (within and between studies), to take into account correlation within the study, by using PROC MIXED in SAS software [version 8.02 ; SAS Institute, Cary, NC (23, 24) ]. We carried out subgroup analyses and metaregression analyses with random-effects models to investigate heterogeneity. To maximize the power of the study, we analyzed the data for all cancer sites in a single model. However, we presented data only for the cancer sites for which the pooled RR was derived from 2 studies.
The estimates, obtained from the least-square means of the random-effects model, were adjusted for significant factors explaining heterogeneity. As sensitivity analysis, we also presented the pooled RRs obtained from stratified analyses based on cancer-specific studies.
For dose-response estimates, we retrieved the RRs and CIs and the number of cases, controls, or subjects at risk by each category of exposure. Within each study, we used a linear model to estimate the RRs associated with an increase in GL or GI of 1 unit/d. We assigned to each category of GL or GI intake the value corresponding to the midpoint of the range. Whenever possible, we obtained the summary RR by pooling the study-specific estimates by the random-effects models proposed by Greenland and Longnecker, which adjust the estimates for within-study covariance and accounts for the correlation between estimates (25) . Two funnel plot-based approaches were used for assessing publication bias: the Copas and Shi method and the funnel plot regression of ln(RR) on the sample size, weighted by the inverse of the pooled variance (26, 27) .
RESULTS
Thirty-nine published reports were evaluated in this metaanalysis. In 36 studies, dietary intake was assessed with the use of a food-frequency questionnaire (FFQ); the remaining 3 studies used history methods (28 -31) . All studies estimated usual dietary intake by converting the reported frequency of consumption of food and the food's portion size into estimates of nutrient intake, with the use of national food-composition tables. All authors reported or quoted the reproducibility or the validity (or both) of the FFQs.
Glycemic index and glycemic load data
Because none of the national food-composition tables include information on GI and GL, their calculations were based on data from various sources. In 14 articles (36%), calculations were based on data presented in the first edition of the international tables by Foster-Powell and Brand-Miller (32); in 19 articles (49%), calculations were based on data in revised tables published in 2002 (3). In those studies, further sources were also used: published sources (33-35; also F Brighenti, unpublished observations, 2007) or data from internal laboratories (20, 36) . In the remaining 6 studies (15%), Murtaugh et al (29) (42) used data published by Wolever et al (43, 44) .
Either white bread or glucose can be used as standard food to determinate the GI (the GI value obtained by using white bread as standard food is Ȃ1.4 times that obtained by using glucose) (1, 45, 46) . Most (n ҃ 25; 64%) of the studies used white bread as reference food, and 6 (15%) used glucose; in the remaining 8 (21%) studies, the reference used was not clearly stated.
Meta-analysis
Overall, 39 reports (24 from cohort studies and 15 from casecontrol studies) with data on cancer and GL or GI were included in this meta-analysis ( Table 1) . Eleven of the case-control studies were hospital-based, and all 11 studies excluded from the control group subjects with diseases of the digestive tract or in any case associated with long-term modifications of the diet (eg, diabetes mellitus, ulcerative colitis, and Crohn disease). Cohort studies vary by length of follow-up from 5 (73) to 20 (37) y; 6 of 24 cohort studies presented a follow-up of 10 y. Most (n ҃ 18) of those 24 cohort studies assessed the diet only at baseline. Most authors describing cohort studies do not report data on loss of follow-up, and, when they are provided, those data are very low. The data are based on record linkage to cancer registries or national databases. Eight reports from cohort studies presented RRs adjusted for diabetes. All of the estimates included in the meta-analysis, except those from Johnson et al (42) , are adjusted for total energy intake or alcohol consumption or noncarbohydrate energy intake.
We investigated the range between the highest and the lowest category of GL in the various reports according to study features: geographic location, study design, and food source ( Table 2) . The upper quantile (Q max ) of GL was significantly higher in case-control studies, in European studies (borderline significant), and in studies using white bread as a reference food source. The interquantile ranges were significantly wider in case-control studies (which were mainly European), because of the extreme higher and lower values. For GI, we did not find significant differences by study features. The median and interquantile range were 81 (range: 78 -83) for Q max , 69 (63) (64) (65) (66) (67) (68) (69) (70) (71) for the lower quantile (Q min ), and 9 (8 -12) for the interquantile range.
In Figure 1 , the magnitude of the RR for the highest versus the lowest quantile of GL intake is plotted according to the interquantile range of GL. Cohort studies that presented lower ranges of GL intake than did case-control studies also had lower RRs.
Forest plots of the RR for the highest versus lowest quantile of GL or GI intake for breast, colorectal, endometrial, and pancreatic cancers are presented in Figure 2 and Figure 3 . For breast and colorectal cancer, for which more reports are available, we also presented the pooled RRs by study design. For the other cancer sites, we presented also the estimates obtained from the stratified analyses, with each cancer site evaluated on its own.
The pooled RRs for breast, colorectal, endometrial, and pancreatic cancer for GL and GI are shown in Table 3 , together with the P value from chi-square tests and I 2 for heterogeneity among the estimates. P values from the meta-regression models for the factors that explained between-study heterogeneity are shown in Table 4 . Pooled estimates were adjusted for study design but not for interquantile range, even if both were significant for GL, because interquantile range and Q max were not independent from study design. We investigated the variability among the estimates by looking also at menopausal status for endometrial and breast cancer, the subsite for colorectal cancer, sex, and the origin of the glycemic values assigned to food, but these factors did not explain between-study heterogeneity. The only factors explaining heterogeneity are indicated in Table 3 with their P values.
We also carried out heterogeneity analyses in subgroups of studies defined by study design. Among cohort studies, the length of follow-up and the number of assessments of diet did not explain between-study variability. Considering features of casecontrols, we observed that population-based studies presented significantly (P ҃ 0.006) lower estimates for GI than did hospital-based studies [RR ҃ 1.05 (95%CI: 0.86, 1.29) and RR ҃ 1.61 (95%CI: 1.33, 1.94) for population-and hospital-based studies, respectively]. We observed GI ranges that were wider (P ҃ 0.08) in population-based case-control studies (median: 13; interquartile range: 12-13) than in hospital-based studies (median: 9; interquartile range: 9 -10). The source of the controls did not explain between-study heterogeneity for GL. Statistically significant elevated risks for the highest versus lowest quantile of GL and GI were observed for colorectal and endometrial cancer: the adjusted pooled RRs were 1.26 (95% CI: 1.11, 1.44) and 1.18 (1.05, 1.34) for colorectal cancer and 1.36 (1.14, 1.62) and 1.22 (1.01, 1.49) for endometrial cancer.
For the colorectal and endometrial cancer sites, we also evaluated dose risk. For colorectal cancer, the pooled RRs associated 
Publication bias
We found no evidence of publication bias for colorectal or endometrial cancer by using either the Copas and Shi tests or the regression method, but we found an indication of publication bias for breast cancer for GL (P ҃ 0.002, Copas and Shi tests; P ҃ 0.08, regression method). When we adjusted the breast cancer estimates for publication bias, by adding 7 more studies, the indication of publication bias disappeared (P ҃ 0.14), but the pooled RR lost significance (0.96; 95% CI: 0.85, 1.06).
Other sites
For stomach cancer, only 2 studies were published. An Italian case-control study (47) reported a significant association with GL (RR ҃ 1.94; 95% CI: 1.47, 2.55), whereas the Swedish Mammography Cohort Study (48) did not provide evidence of a positive association. For ovarian cancer, the 2 available studies, an Italian case-control study (73) and a Canadian cohort study (49) 
DISCUSSION
This comprehensive meta-analysis of GI and GL and cancer risk suggested an overall direct association for colorectal and 2 Least-square means, adjusted for study design, from a random-effects model on all cancer sites. 3 RRs from subgroup analysis, cancer by cancer, not adjusted for study design. 4 Chi-square test for heterogeneity. 5 The percentage of total variation across studies that is attributable to heterogeneity rather than to chance. 6 95% CI in parentheses (all such values).
endometrial cancer and an inconsistent relation with several other cancers. There was an indication of a modestly greater risk of breast cancer with GL than with GI, which disappeared when publication bias was taken into account.
In case-control studies, the upper quantile of GL was significantly greater than that in cohort studies, whereas the lowest quantiles did not differ significantly. Therefore, the interquantile ranges of GL were significantly wider in case-control than in cohort studies. This suggests that case-control studies included subjects with higher carbohydrate intake, because total dietary GL reflects both the average quantity and the quality of carbohydrates consumed. These casecontrol studies tended to capture a wider range of total dietary GL through the consumption, both broad and in larger quantities, of carbohydrates with a range of low and high GIs. Moreover, populations studied in cohorts seem to consume a more homogeneous diet with a narrower range of GL (median ҃ 46), which probably made the detection of an association difficult, because neither GL or GI appear to represent strong determinants of disease risk (74) . The different results in cohort and case-control studies also may reflect the presence of greater bias and confounding in case-control studies than in cohort studies, if disease status or other covariates affect the report of type and quantity of carbohydrates in cancer cases. The study design of case-control studies also could affect the results; in fact, we found that hospital-based studies presented significantly greater RR estimates for GI intake than did population-based casecontrol studies, and these differences were not explained by GI ranges that were wider in the population-based studies. In fact, hospitalized subjects may have dietary habits different from those of the general population, although all hospital-based studies excluded subjects admitted for conditions associated with dietary modifications.
In contrast, very few cohort studies assessed changes in dietary intake during follow-up. However, the populations studied, rather than the study design or the dietary instrument used, are probably responsible for these results. In fact, case-control studies were mainly conducted in European populations (67%), who tend to have a high consumption of refined carbohydrates, bread, potatoes, pasta, and rice (75) (76) (77) . High carbohydrate intake may be an indicator of a high endogenous insulin environment, and insulin per se and the modulation of IGF-1 have been shown to act as cancer-promoting agents for several types of cancer. In contrast, most cohort studies (73%) were conducted in the United States and Canada, whose populations tend to consume a diet that is richer in fat and fatty foods and that hence has lower GL concentrations than the diets of most other countries.
The pooled estimates obtained in the stratified analysis for several cancer sites were not statistically significant. The inconsistencies with the results obtained with the model based on all studies are mainly due to the adjustment for study design, which explained most of the variability and was set as a fixed factor for all cancer sites.
We found a significant association between dietary GI and GL and endometrial cancer risk with no major sign of heterogeneity. The association was consistently found for GL in all of the reports and some studies found positive associations in selected subgroups, such as women with a high body mass index (in kg/m 2 ) (41, 50), overweight women with low physical activity (51, 52) , women with diabetes (41), and postmenopausal women using hormone replacement therapy (51). Obesity is a major determinant of insulin resistance and hyperinsulinemia (11, 78) , and physical activity strongly influences glucose tolerance and insulin sensitivity (78, 79) ; thus, it is likely that persons who are overweight or inactive have a greater insulin response to their diet than do lean or active persons.
We found significant between-study heterogeneity for colorectal and breast cancer. For colorectal cancer, 3 case-control studies (28, 53, 54) reported a significantly greater risk associated with a diet high in GL and GI, whereas only 1 case-control study, conducted in California (29) , reported no association. Most of the cohort studies found no significant association overall, and an association between high GI and GL and colorectal cancer was reported only in obese women (40) . In the Health Professionals Follow-up Study (20) , an elevated risk of colorectal cancer was observed among men with high intakes of GL, fructose, and sucrose. In the Breast Cancer Detection Demonstration Project study, Strayer et al (55) found a nonsignificant reduction of colorectal cancer risk for subjects with a diet high in carbohydrates and GI. Weijenberg et al (56) reported a significantly lower colon cancer risk for men in the highest GI quintile, especially with respect to the distal colon, but a greater risk for rectal cancer. In women, they observed a positive association between GL and proximal colon cancer risk, which was attenuated after the exclusion of the first 2 y of follow-up; this finding indicated that preclinical disease may have affected dietary intakes. These mixed results may be due to other confounding factors. The etiology of colorectal cancer is poorly understood, and it is still not clear which dietary factors could be important. In relation to carbohydrates, available data suggest that high intakes of dietary fiber may reduce the risk for colorectal cancer, and high intakes of sucrose may increase the risk (80) . The consumption of dietary fiber or certain types of carbohydrates (eg, sucrose, starch, and fructose) may influence results in different directions.
For breast cancer, only 2 Italian studies, a case-control study (57) and a prospective study (58) , found a positive association for both GI and GL. One study found a positive association only for GL (60) , whereas other studies found a positive association for both GI and GL in the selected subgroups of postmenopausal women (59, 60) or premenopausal women with low level of physical activity (62) . McCann et al (63) reported an inverse association in postmenopausal women with a high body mass index. The reasons underlying these results are unclear, although other authors (81) addressed the issue of a correspondence with an inverse association between hemoglobin A 1c (HbA 1c ) concentrations (a marker of glycemic control) and insulin concentrations in women with postmenopausal breast cancer. The absence of a clear association between GI or GL and cancers of the breast and pancreas does not disprove the IGF axis hypothesis for these neoplasms (82) , but it probably underlines the complexity of IGF signaling and the concentrations of IGF-binding protein (83, 84) . GI or GL (or both) also may influence the concentrations and composition of serum lipids, C-reactive protein (CRP), and other markers of inflammation, but available data are still open to discussion (5, 85) . Furthermore, the influence of modifications in these factors on the risk of cancer, including breast, endometrial, and colorectal cancer, remains undefined (80, 86, 87) .
In addition, the lack of association with GL or GI may be due in part to an inability of the dietary assessment method used in the present study-mainly FFQs-to capture the true range of GI and GL. None of these methods were specifically developed to assess GI and GL, and the limited variety of food items listed in the FFQ can limit the detectable range of GI and GL. This limitation can lead to some degree of misclassification of exposure and to an underestimation of any relation with cancer risk.
In conclusion, we found evidence of an association between high consumption of GL and GI and the risk of colorectal or endometrial cancer. The magnitude of the risk for subjects categorized into the highest versus lowest quantile of GL or GI intake is modest, however, and it varies according to study populations.
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